Background / Aims: TMEM16F is a transmembrane protein from a conserved family of Ca 2+ -activated proteins, which is highly expressed in several tissues. TMEM16F confers phospholipid scramblase activity and Ca 2+ -activated electrolyte channel activity. Potentially thereby, TMEM16F is involved in cell cycle control and apoptotic signaling. The present study evaluated the role of TMEM16F on cell proliferation and viability in Human Embryonic Kidney cells. Methods: An inducible knockdown of TMEM16F was generated and markers of apoptosis and proliferation were assessed via flow cytometry, western blotting and MTT uptake assay under different conditions. Results: TMEM16F knockdown resulted in attenuated growth of HEK293 cells. This observation correlated with an increased phosphatidylserine exposure and a decreased fraction of viable cells. Interestingly, the cells were not sensitized to Staurosporine-induced cell death. Western blot analyses displayed a parallel activation of pro-and antiapoptotic signaling pathways: Caspase 3 cleavage and Cyclin D1 abundance were simultaneously increased. Furthermore, knockdown of TMEM16F led to activation of AKT signaling. Conclusion: TMEM16F modifies viability of Human Embryonic Kidney cells via its function as a phospholipid scramblase and activation of AKT signaling pathways.
Introduction
TMEM16F belongs to the conserved TMEM16 protein family. The ten family members, TMEM16A-K, also known as Anoctamins (Anoctamin 1-10), are transmembrane proteins with ten transmembrane domains and a conserved Ca 2+ -activated domain. TMEM16F is expressed in many different types of human tissue, e.g. respiratory and gastrointestinal epithelia, osteoblasts, lymphocytes, platelets, vasculature and the kidney. In platelets and osteoblasts TMEM16F acts as a small-conductance Ca 2+ -activated nonselective cation channel permeating both mono-and divalent cations [1] [2] [3] . Similar TMEM16F functionality has been shown for HEK293 cells.
Electrophysiological properties of TMEM16F isoforms in different cells types have been characterized in detail [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Moreover, TMEM16F is involved in the regulation of phosphatidylserine (PtdSer) surface exposure via Ca 2+ -activated phospholipid scramblase activity [4, 13] .
Mammalian cell membranes exhibit an asymmetric distribution of phospholipids: sphingomyelin and phosphatidylcholin are enriched at the outer leaflet while phosphatidylserine (PtdSer), phosphatidylethanolamine and phosphatidylinositol reside at the inner leaflet. This asymmetry is maintained by flippases and floppases that mediate selective ATP-dependent translocation of distinct phospholipids. Phospholipid scramblases like TMEM16F and members of the PLSCR (Phospholipid scramblase) or XKR (XK related) protein family aid nondirectional energy-independent transbilayer transport that may ultimately lead to the collapse of membrane asymmetry.
Recently, the lipid scrambling domain of TMEM16F has been characterized [4] . Phospholipid scrambling by TMEM16F can occur during apoptosis or upon cell activation [7, 14, 15] . This effect is essential during platelet activation and bone mineralization by osteoblasts [1, [16] [17] [18] [19] . Here we focused on the effect of TMEM16F on cell viability, proliferation and proapoptotic stimulus response in a Human Embryonic Kidney (HEK) cell model.
Material and Methods
Cell Culture and imaging HEK293 cells (Thermo Scientific, Waltham, MA, USA) were cultivated in standard medium (Dulbecco's modified Eagle medium supplemented with 10 % fetal calf serum and 1 % antibiotics (Pen/Strep) as previously described [20, 21] . For live cell imaging and photographic growth documentation, cells in culture dishes were examined with an Axio Observer Z1 microscope β (Zeiss, Oberkochen, Germany) using Axio Vision 4.7.
Generation of inducible knockdown
The generation of stable cells using lentiviral systems (pInducer21/10) have been described in more detail earlier [20, 21] .
Short hairpin RNA was designed with the shRNA prediction algorithm provided at http://biodev. extra.cea.fr/DSIR/DSIR.html [22] which has been described in detail earlier [23] . In total, six different short hairpin RNA fragments were generated and cloned into the pInducer10(RFP) plasmid (Suppl. Fig.  1A ; Reverse complement sh1: CTT TCG TCT ACA CTG AGG ACTT; sh2: GGT TAG ATT CGT ATG CTT GTCT; sh3: GTT AGA TTC GTA TGC TTG TCTT; sh4: AGT ACA TCG TGC TTC GTA TTCT; sh5: AAT TTC ACA GAG TAG ATG ACGT; sh6: ATT AAA TTC TTC AAA CTC CGGG). Short hairpin RNA was crosschecked for TMEM16F specificity in silico (Fig. 1D) . The resulting pInducer10(RFP) plasmids encoded short hairpin RNA and a red fluorescent protein (RFP) (Fig. 1A-B) .
In brief, for generation of stable Doxycycline-inducible knockdown cell lines, HEK293 cells (10 cm dish) were simultaneously transfected with 3.5 μg pMD2 VSVG (addgene plasmid #12259), 6.5 µg psPAX2 (addgene plasmid #12260) and 10 μg pInducer10shTMEM16F expression plasmids to obtain recombinant virus. The medium of these transiently transfected cells was changed after 6-8 h and cells were grown for additional 72 h. Then the virus-containing supernatant was collected and filtered through a sterile 0.45 μm syringe driven filter unit (Millipore, Schwalbach am Taunus, Germany). Hence the target HEK293 cells were infected using one volume (up to 2 ml) of fresh Dulbecco's modified Eagle medium and one volume of the virus-containing filtrate supplemented with polybrene (final concentration 8 μg/ ml). After incubation for 48 h, cells were regenerated in fresh medium for 24 h and subsequently subjected to selection with Puromycin 4 μg/ ml.
Expression of short hairpin RNA and RFP was induced by adding 125 ng/ ml Doxycycline to the medium. The knockdown of the target proteinTMEM16F was verified by western blot analysis (Fig.1B) .
For some experiments, cells were treated with ATP 5mM, Ionomycin 5µM or Staurosporine 1µM (all purchased at Sigma, St. Louis, USA) as indicated.
Preparation of cell lysates and western blot analysis
For western blot analysis, medium was taken off and replaced by 1x Laemmli (4 % SDS, 5 % 2-mercaptoethanol, 10 % glycerol, 0.002 % bromophenol blue, 0.0625 M Tris-HCl; pH 6.8). After incubation on a shaking plate for 30 min at room temperature, cell lysates were homogenized via pipetting up and down approximately ten times and then frozen at -20 °C for at least 2 h. After boiling for 5 min equal volumes of cell lysates were separated on 8-15 % SDS-PAGE gels (Biorad, Munich, Germany). Proteins were transferred to a PVDF membrane (Millipore) and incubated for 1 h at room temperature in blocking buffer (5 % BSA powder dissolved in TBS containing 0.05 % Tween-20 (TBS-T)). The lysates were equalized using β-tubulin (Sigma) or GAPDH (Covance, Princeton, NJ, USA) as loading controls. The TMEM16F antibody was purchased from Sigma (HPA038958), antibodies against Caspase 3 (#9665), cleaved Capase 3 (Asp175) (#9664), PARP (#9542), cleaved PARP (#5625), ERK1/2 (#4695), phospho-ERK1/2 (Thr202/Tyr204) (#43769), AKT (#9272), phospho-AKT (Thr308) (#2965), phospho-PDK1 (Ser241) (#3061), p70S6K (#2708), phospho p70S6K (Thr389) (#9234), Bcl2 (#2876), phospho-(Ser70) Bcl2 (#2827), GSK3β (#12456), phospho-GSK3β (Ser9) (#5558), β-Catenin (#9562) and phospho-β-Catenin (Ser33/37/Thr41) (#9561) were purchased from Cell Signaling (Frankfurt, Germany). The antibody against P2RX7 was a kind gift of Alomone Labs (Jerusalem, Israel). Horseradish peroxidase-conjugated secondary antibodies were purchased from Dianova (Hamburg, Germany). All primary antibodies were used in a 1:1000 dilution in TBS-T and incubated at 4 °C overnight. After washing three times with TBS-T, the membrane was incubated with horseradish peroxidase-coupled secondary antibodies (Jackson Immunoresearch, Westgrove, PA, USA) diluted 1:5000 (anti mouse) or 1:10000 (anti rabbit) in 5 % BSA powder dissolved in TBS-T for 30-60 min at room temperature. Afterwards, the blot was washed three times with TBS-T. Western blots were developed with chemiluminescence detection reagent (Roche, Mannheim, Germany). Signals were collected with X-ray film.
Quantification of western blot signals
Developed X-ray films were scanned. Grey scale images were densitometrically quantified using ImageJ (http://rsbweb.nih.gov/ij/).
MTT assay
Cells were grown on translucent flat-bottomed 96-well microtiter plates. On the day of the experiment, cells were provided with 100 µl culture medium. For the assay, 10 µl tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) were added and cells were incubated at 37 °C for 30 min. During this time, the yellow tetrazolium salt MTT is converted to purple formazan crystals by intracellular reducing equivalents in metabolically active cells. After 3 h incubation, 100 µl lysis buffer (20 % sodium dodecyl sulfate, 50 % N,N-dimethylformamide, containing, 0.5 % acetic acid (80 %), 0.4 % 1N HCL) was added to each well and incubated on the shaking plate for 3 h. The optical density was assessed with a fluorescence plate reader (Tecan) at 570 nm.
Flow cytometry
PtdSer exposure and cell permeabilisation was assessed using flow cytometry. Cells were removed from the culture dishes with ice cold PBS. After centrifugation (4 min ; 1000 xG), the supernatant was discarded and Annexin V-FITC (BD Biosciences, #556419) 2.5 µl in 50 µl staining buffer (containing 1 % bovine serum albumin in 50 mM 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethansulfonic acid buffer (HEPES), pH 7.4) was added. After vortexing, the samples were incubated on ice for 20 min. For measurements at the BD Bioscience (FACSCanto I), 450 µl staining buffer containing DAPI 2 µM were added 5 min prior to the measurement. For measurements at the Becton-Dickinson Fluorescence activated cell sorter (FACSCalibur), propidium iodide (PI) 5 µg/ ml was added to the staining buffer. 450 µl buffer was added prior to the measurement. A Total of 50000 cells (FACSCanto) or 10000 cells (FACSCalibur) was analyzed. Compensation for the channels (DAPI, FITC, RFP/PE) was calculated using the FACSDiva software (FACScanto) or done manually (FACSCalibur).
Real-time PCR
Real-time PCR was performed using the SYBR Green PCR Master Mix with the ABI PRISM 7900 Sequence Detection System. All instruments and reagents were purchased from Applied Biosystems (Darmstadt, Germany). Relative gene expression values were evaluated with the 2-ddCt method using GAPDH as reference gene. Specific primer pairs:
GAPDH forward AAG ACC TTG GGC TGG GACTG, GAPDH reverse TGG CTC GGC TGG CGAC, TMEM16A forward CCT CAC GGG CTT TGA AGAG TMEM16A reverse CTC CAA GAC TCT GGC TTCGT, TMEM16B forward TGG ATG TGC AAC AAT TGAGA, TMEM16B reverse GCA TTC TGC TGG TCA CACAT, TMEM16F forward CGA ACC CCG GAG TTT GAA GAA, TMEM16F reverse TGC AGG CCA TGA CAG ATA AGG, TMEM16K forward CAG GTC TTC AAA CGT CCAT, TMEM16K reverse TCA TCG TTT CAA AAG CCA ACT.
Statistical analyses
All data are presented as mean values ± SEM of at least three independent samples. The number of measurements is given in the legend. Datasets were tested with unpaired t-test or one way ANOVA and Tukey's post test using GraphdPad-Prism 5 (San Diego, CA, USA). Statistical significance was marked * (P < 0.05), ** (P < 0.01) or *** (P < 0.001).
Results

Inducible knockdown of TMEM16F led to attenuated growth of HEK293 cells
TMEM16F is endogenously expressed in HEK293 cells as displayed in Fig. 1A . For robust and specific inhibition of TMEM16F function in this cell culture model, an inducible knockdown (KD) was generated employing pInducer10 vector system [24] .
Short hairpin RNA shTMEM16F 3 could significantly reduce TMEM16F expression on mRNA and protein level within 48 h after induction with Doxycycline (Fig. 1B-C) . The induction was verified by the expression of the RFP cassette.
In the following, HEK293 shTMEM16F-3 induced with Doxycycline for 5 d will be referred to as TMEM16F KD.
Asides TMEM16F, HEK293 cells express the Anoctamin family members TMEM16A, TMEM16B and TMEM16K [25] . TMEM16F KD went along with upregulation of TMEM16B and downregulation of TMEM16K (Fig. 1) .
Interestingly, after equal seeding, TMEM16F KD cells grew markedly slower than control cells ( Fig. 2A-B) . Shape and growth pattern appeared unaltered. These observations were confirmed by a significant reduction in a MTT assay after 48 h induction of knockdown (Fig. 2C) .
TMEM16F knockdown increased baseline phosphatidylserine exposure and decreased cell viability First, we asked the question whether increased apoptosis contributes to the delayed confluency of TMEM16F knockdown cell cultures. Apoptosis goes along with phospholipid scrambling and PtdSer exposition [14] and TMEM16F, among others, functions as a phospholipid scramblase [4, 26] . Thus Annexin V-FITC staining was employed to test if TMEM16F KD altered the amount of PtdSer exposed on the external leaflet of the plasma membrane. In addition, DAPI was used to detect necrotic cell membrane permeability (schematic overview Fig. 3A-B) .
The rate of viable Annexin V and DAPI negative cells was decreased by 9 % in TMEM16F KD cells ( Fig. 3C; Q4) . Along with this, the Annexin V positive and DAPI negative fraction, widely regarded as apoptotic, was almost doubled ( Fig. 3C; Q1) . The proportion of DAPI positive necrotic cells averaged 11-13 % and did not differ between the two groups ( Fig. 3C;  Q2 ). As depicted in the histogram TMEM16F KD led to a broadening of the Annexin V-FITC affinity rather than increase of a circumscribable Annexin V positive population (Fig. 3D) .
To better understand the cell physiological consequence of this increased baseline PtdSer exposure, the sensitivity of TMEM16F KD cells to a proapoptotic stimulus was assessed. Interestingly, approx. 55 % of both, TMEM16F KD and control cells were viable 3 h after treatment with the toxic kinase inhibitor Staurosporine ( Table 1 ). The proportion of Annexin V positive TMEM16F KD cells remained stable after this treatment while it almost doubled in control cells.
Taken together, TMEM16F KD led to decreased viability and an increase in baseline PtdSer exposure in HEK293 cells but did not change scrambling in response to kinasedependent apoptotic stimuli.
Different morphological changes, e.g. alterations of size and granularity, precede apoptosis. Asides, a role of TMEM16F in ATP induced PtdSer exposure and ATP induced membrane blebbing has been shown for TMEM16F-and P2RX7 overexpressing HEK293 cells [9] . HEK293 cells endogenously express both proteins. However, FACS analysis did not reveal significant changes in size or granularity after exposure of cells with ATP or ionomycin (Fig. 4) .
TMEM16F knockdown resulted in alteration of intracellular signaling pathways
Next we wanted to know how TMEM16F KD affected important intracellular signaling pathways on protein level.
In parallel to the decreased viability seen in flow cytometry TMEM16F KD western blotting detected an increase of cleaved Caspase 3. Cleavage of Poly-ADP-Ribose-Polymerase (PARP) and LC3 I/II, indicator of autophagy, was unaltered (Fig. 5) . Next, we examined kinase signaling and found that phosphorylation of ERK was unchanged. In contrast, phosphorylation of AKT at the activating T308-site was increased (Fig. 6A) while the total abundance and phosphorylation of AKT at S473 were unaltered. Activation of AKT at phospho-T308 can be conferred by PDK1, and in accordance to our observations phospho-PDK1 was increased in TMEM16F KD. To address AKT signaling in more detail, we evaluated different downstream targets. The increased phosphorylation of AKT was accompanied by decreased phospho-S9 GSK3β level and decreased phospho-β-Catenin. Phosphorylation of Bcl2, a potential pro-survival signal, was only marginally increased while an accumulation of Cyclin D1 indicative of pro-proliferative signaling was visible. Phosphorylation of p70S6K representative of potential activation of mTOR signaling remained unaltered (Fig. 6B) .
Since knockdown of TMEM16F was achieved by a doxycycline-inducible vector system we verified that doxycycline treatment alone did not regulate these signaling pathways in HEK293 cells (Fig. 6C) . Figure 7 gives an overview of the intracellular signaling pathways that have been found regulated in TMEM16F KD.
Discussion
TMEM16F is expressed in a variety of tissues and holds important functions in blood coagulation, for immune cells, bone homeostasis and epithelial organs. Not only the wide Statistical significance was marked * (P < 0.05), ** (P < 0.01) or *** (P < 0.001). Table 1 . Flow cytometric detection of phosphatidylserine exposure in TMEM16F knockdown cells after treatment with Staurosporine. Annexin V FITC and DAPI staining were used for detection of phosphatidylserine exposure or necrotic membrane permeabilisation respectively. The table lists the percentage of TMEM16F knockdown (KD) cells (HEK293 pInducer shTMEM16F + Doxycycline (125 ng/ml, 110 h)) and uninduced control cells gated in the indicated quadrant (n = 3, respresented as mean ± SEM). Statistical significance between TMEM16F KD and control cells (t-test) was marked * (P < 0,05), ** (P < 0,01) or *** (P < 0,001) In parallel to a study in myoblasts [27] we could show that knockdown of TMEM16F decreased the growth of HEK293 cells. Our results suggest that this attenuation may be attributable to decreased cell viability.
So far, it has been proposed that phospholipid scrambling by TMEM16F is not primarily involved in apoptosis but accounts for PtdSer exposure upon cell activation. One might expect that under resting conditions, PtdSer exposure by phospholipid scrambling was at a low level and that this would rather be lowered by TMEM16F KD. In contrast, we found increased baseline PtdSer exposure in TMEM16F KD. With attention to the decreased viability, increased PtdSer exposure may be culprit or consequence. However, if PtdSer exposure was the result of a proapoptotic signaling cascade one might expect a "Make-or-Break" signal resulting in strong instantaneous PtdSer exposure and a circumscribable Annexin V-positive population in flow cytometry. But TMEM16F KD led to gradual loss of the asymmetric distribution of PtdSer between the membrane leaflets with PtdSer residing at the inner leaflet.
Interestingly, TMEM16F KD did not sensitize the cells to Staurosporine-induced cell death. This correlates with other groups' observation of a marked decrease in death-and activation-induced phospholipid scrambling [16, 28, 29] . Recently beneficial effects of anion channel blockade have been shown in a rat model of ischemia reperfusion [30] . Equal loading, efficient induction and knockdown of the target protein TMEM16F were verified and western blots of indicator proteins of apoptosis (cleavage of Caspase 3 and PARP) and the autophagic pathway (LC3 I/II) were performed. Statistical significance was marked * (P < 0.05), ** (P < 0.01) or *** (P < 0.001). 
